Although development organizations agree that reliable access to energy and energy services-one of the 17 Sustainable Development Goals-is likely to have profound and perhaps disproportionate impacts on women, few studies have directly empirically estimated the impact of energy access on women's empowerment. This is a result of both a relative dearth of energy access evaluations in general and a lack of clarity on how to quantify gender impacts of development projects. Here we present an evaluation of the impacts of the Solar Market Garden-a distributed photovoltaic irrigation project-on the level and structure of women's empowerment in Benin, West Africa. We use a quasi-experimental design (matched-pair villages) to estimate changes in empowerment for project beneficiaries after one year of Solar Market Garden production relative to non-beneficiaries in both treatment and comparison villages (n = 771). To create an empowerment metric, we constructed a set of general questions based on existing theories of empowerment, and then used latent variable analysis to understand the underlying structure of empowerment locally. We repeated this analysis at follow-up to understand whether the structure of empowerment had changed over time, and then measured changes in both the levels and likelihood of empowerment over time. We show that the Solar Market Garden significantly positively impacted women's empowerment, particularly through the domain of economic independence. In addition to providing rigorous evidence for the impact of a rural renewable energy project on women's empowerment, our work lays out a methodology that can be used in the future to benchmark the gender impacts of energy projects.
Introduction
Gender equality and women's empowerment have been stated priorities of international development agencies for decades, based on both the intrinsic value of equality as an end in and of itself, and on the empirical evidence that empowerment of women and girls can be a means to other desired development ends, including improved child health and nutrition [1] . Gender equality has historically been the easier of the two concepts to quantify, since any desirable outcome measured at the individual level can simply be disaggregated by gender and relative metrics computed (e.g. [2] ). Conversely, the notion of women's empowerment has remained more nebulous, because it is both multi-dimensional and contextdependent [3] . The international development community has struggled with how best to measure women's empowerment [4] , and although numerous development projects purport to have empowerment as an objective and/or a pathway for impact, relatively few of them outside of the public health domain have actually measured or reported such impacts.
International development organizations have also long pursued energy projects, with large hydropower and electric grid investments dominating the portfolio in the mid and late 20th century. These projects were typically large, centralized, and geared towards industry and urban consumers. This worldview-focused on the supply side of the energy equation-was enshrined in the Millennium Development Goals (MDGs) adopted in 2000, which notably did not include indicators for energy access, beyond the proportion of the population using solid fuels. Over the past decade, however, the development community has begun to rethink energy security as a problem of both physical supply and economic and physical access. Recognizing that what individuals require is in fact energy services-and that energy services can be different from grid infrastructure-a proliferation of both public projects and private investments in microgrids, solar home systems, and payas-you go pricing options has sprung up across the developing world, and in rural areas in middle-income emerging markets [5] . The post-2015 Sustainable Development Goals (SDG) framework reflects this shift, and has enshrined energy access as a standalone development target [6] . The SDG framework also explicitly recognizes that energy access alone might pit development against the environment, and thus calls for reliable access to affordable, clean energy.
There are many pathways through which reliable clean energy access might have a disproportionate impact on women by opening new opportunities for them [7] [8] [9] . Perhaps most straightforwardly, across many developing communities (and especially rural ones), households are fundamentally energy constrained. They rely on burning biomass as their main source of energy, and the responsibility for gathering the household's daily energy supply-wood, agricultural residues, and animal manure-typically falls to women and girls, who spend hours (and tremendous amounts of physical energy) gathering and transporting it [10] . The health benefits to women of cleaner-burning cookstoves have been well-established [11] , but far less peer-reviewed research has focused on the gender impacts of other energy technologies. Large-scale electricity provision in Indian slums [12] and across the Rwandan countryside [13] , as well as evaluations of distributed solar photovoltaic systems [14] suggest strong equity impacts for women, but the literature directly measuring impacts on empowerment is thin [9] . From an environmental perspective, the ability to quantify the full suite of impacts of renewables-based development projects-including empowerment-is necessary to make the case for clean versus conventional approaches.
Here we present impact analysis of a rural solar electrification project on women's empowerment in the Kalalé district of Benin, West Africa. The centerpiece of the village electrification project, the Solar Market Garden (SMG), is a passive photovoltaic pumping and irrigation system shared within existing village women's agricultural groups. It was developed and refined by the Solar Electric Light Fund (SELF) 5 , and is now implemented by a local community-based development organization (L'Association de Dévéloppement Economique Sociale et Culturel, et l'Autopromotion (ADESCA-ONG)). 6 After a pilot-scale evaluation between 2007-2010, SELF and ADESCA-ONG secured funding to install 8 new Solar Market Gardens in villages across Kalalé. Results from the twovillage pilot study have been described elsewhere [15] [16] [17] ; here we present analysis from the scale-up phase that began in 2013. We leveraged this expansion to study the impacts of this rural energy access project on economic development, food security, and women's empowerment. In addition to determining the best metrics for measuring levels of empowerment, we also developed a methodology to assess changes in the structure of empowerment itself over time-a key potential pathway for impact of rural energy and environment projects.
Project context and research design
The SMG was designed by solar technicians, community organizers, and farmers with the objective to expand agricultural production for local women's farming groups engaged in counter-season handwatered horticulture far from the grid. In this monsoonal, semi-arid region, hand-watered horticulture is limited predominantly by energy-the labor required to fetch water by hand-with important consequences for both income and nutrition. By providing reliable energy access to pump irrigation water, and by sharing the bulk cost of the system among a group of farmers, the SMG was designed to cost-effectively expand productivity along three margins-increases in farmed area (extensive), higher yields via improved inputs and management practices (intensive), and facilitation of year-round production (temporal). This increase in production could be sold, consumed in the home, or donated in-kind (e.g. meals for kids at school), providing many pathways for impact on the economic well-being and food security of project beneficiaries and their households, and of other community members, who might reap various spillover benefits.
Along with these potential pathways for impact on core sustainable development outcomes related to poverty, food security, and nutrition, we hypothesized that women's empowerment might also be directly affected, although we were agnostic about the expected sign. Studies have shown that economic development is in general associated with increased empowerment [1] , but the literature on interventions with women's groups has been mixed. In particular, the literature is unclear as to whether women's groups promote or facilitate empowerment themselves [18] [19] [20] and whether interventions targeting women or women's groups may have unintended negative consequences (for example, strain or even violence as a response by husbands or others to female economic empowerment or changing decision-making power in the household) [21, 22] . Our formative research included interviews with all women's groups in the district prior to selection of intervention and comparison villages; these interviews suggested a broad range of 'openness' between women and their husbands within and between villages, but almost all said their husbands were unaware of exactly how much money they were making, and that this information asymmetry was largely intentional on their part.
We used a quasi-experimental design to measure the baseline levels and overall structure of women's empowerment in Kalalé, across treatment and comparison villages; we then re-assessed both levels and structure of empowerment after one full year of SMG operation. Installations for the SMG scale-up phase began in 2013, with systems functional and first plantings taking place in late 2013 and early 2014. Each SMG is installed on land that was both traditionally allocated and formally titled to the women's agricultural group in the given village; most of the SMGs are centrally located within their villages, or within a 5-10 minute walk for the majority of group members. The solar photovoltaic system pumps water from a borewell (between 10 and 60 m deep); although it varies by village, between 25 and 40 group members share the SMG technology, with each woman farming her own ∼120 m 2 plot and contributing to shared group plots.
We surveyed all members of village women's agricultural groups in eight treatment and eight matched-pair comparison villages in Kalalé, along with a random sample of 30 non-women's group households in each of the 16 villages at both the start of the project (just as the SMGs went into operation) and one year later, in early 2015; in all, 771 female respondents were surveyed at baseline and follow-up. (There was some attrition from baseline to follow-up (33 women, or 4.3%), that was spread across villages, with 6 the most from any one village. Around 2/3 of the attrition was comparison households within intervention villages; beyond this, however, there appears to be no structural differences in terms of who was most likely to drop out of the sample.) Household questionnaires included information on all household members, detailed income, production, consumption, and assets data, as well as information on access to services, dietary intake questions, and a set of questions (described further below) intended to assess women's empowerment. In addition, as part of the larger food and nutrition security assessment, women of childbearing age and the youngest household child under the age of five completed a biometric assessment (height, weight, and blood samples for anemia and vitamin A tests). The study was approved by the National Ethics Committee for Health Research (NECHR) of Benin. Ethical clearance was obtained from the Institutional Review Boards (IRBs) charged with the protection of human research subjects of the University of Arizona (UA). The analysis portion of the project was additionally approved by the IRB of the University of California, San Diego.
Methods

Measuring women's empowerment
International organizations that have sought to measure women's empowerment have struggled with: (a) the nebulous nature of the concept itself, (b) the desire to build pre-defined indices that can be applied over a broad range of contexts to facilitate comparative study, and (c) the recognition that empowerment can be extremely context-specific. As Environ. Res. Lett. 12 (2017) 095007 a brief example of this history and tension, the United Nations, the World Bank, and the International Food Policy Research Institute have taken three different approaches to measuring empowerment. The UN has largely avoided setting out specific indicators for empowerment and has focused on gender equality and (reductions in) gender violence. Gender equality and women's empowerment were first enshrined jointly as Goal #3 of the MDGs, but the United Nations tracked only equality indicators-the ratio of females to males across all levels of education, literacy rates, non-agricultural employment, and national parliaments [23] . In 2015, the UN adopted the SDGs as successors to the MDGs; Goal #5 of the SDGs seeks to 'Achieve gender equality and empower all women and girls' [24] . Again, the SDG framework includes targets for equality of representation in government and managerial positions, as well as in access to technology; it also includes more nuanced verbiage on empowerment: Target 5.4 advocates for 'the promotion of shared responsibility within the household as nationally appropriate', and Target 5.a focuses on 'reforms to give women equal rights to economic resources, as well as access to ownership and control over land and other forms of property, financial services, inheritance and natural resources, in accordance with national laws' [24] . Nevertheless, the specific indicators for the SDG empowerment targets are largely equality metrics.
In contrast to the SDG approach, the International Food Policy Research Institute (IFPRI) developed the Women's Empowerment in Agriculture Index (WEAI) in 2012 [25] . The WEAI is an overall empowerment index constructed from five pre-specified domains of empowerment-decisions about agricultural production, access to and decision-making power over productive resources, control over use of income, leadership in the community, and time use. This prespecified format is meant to facilitate both measurement of baseline levels of empowerment as well as changes over time in a broad range of developing agricultural communities. The tradeoff of the fixed index is that the given set of indicators comprising the index may not be equally relevant in all areas. Largely because of this, the World Bank has eschewed a fixed index approach and instead gathers indicators, both equity and empowerment related, that can be used in contextually-appropriate ways [26] .
To construct our empowerment metrics, we draw from the concepts put forward in the WEAI and the SDGs, but take an approach more along the lines of the World Bank. Our questionnaire did not include a comprehensive time use survey, and we did not interview male heads of household so we are unable to construct within-household equity metrics, as described in the SDGs. But drawing on these ideas, along with the specific domains and sets of indicators used by the WEAI and included in the World Bank gender database, we included thirty-two empowermentrelated questions in our household survey. We conducted latent variable analysis to understand the underlying structure of empowerment in Kalalé, and then built a locally-appropriate empowerment index for the region. These methods are described in detail below.
Questionnaire coding
The 32 questions included in the empowerment module of our household survey are shown in table 1.
Original questionnaire codings are shown, along with the final binary coding for the particular dimension. Most of our codings are conservative ('sometimes' and other intermediate answers are coded as zeros, or not empowered in that particular dimension); we conducted our analysis with the alternative coding ('sometimes' and other intermediate answers coded as 'empowered'), and did not see meaningful differences.
Factor analysis
We used the 32 recoded question in a latent variable analysis-that is, we assumed that our variables likely had some underlying correlation structure and could be represented by a set of latent variables, or 'domains' that more accurately described the structure of empowerment than the simple collection of 32 variables. To find this structure, we first randomly divided our baseline (2014) data into training and test sets. We conducted exploratory factor analysis (EFA) with the training set; using the combination of selecting factors with eigenvalues > 1 (figure 2 (left, orange)) and the criteria that individual variables should load onto factors with loadings > 0.6, we arrived at a set of 6 underlying factors based on 22 variables. This initial model from the EFA is shown in figure 3 .
We then used the test half of the data set to conduct a confirmatory factor analysis (CFA) on the 6-factor, 22-variable model. We named the six domains based on the variables that loaded onto them (figure 3)-(1) Decision Making, (2) Physical Mobility, (3) Male Involvement, (4) Economic Security, (5) Self Confidence, and (6) Group Membership. Table 3 shows the various fit indices for this initial specification of our structural model (with agreed-upon criteria shown for reference in the table notes). We used modification indices to understand where our model could be improved: where two variables were highly correlated within the same domain, we removed the variable with a lower EFA factor loading. This process resulted in a final structural equation model with 16 variables in the 6 domains. The final variables are shown in table 2, with the modified model fit indices in the second column of table 3 and final eigenvalues shown in figure 2 (right).
Environ. Res. Lett. 12 (2017) 095007 Table 1 . Summary of empowerment questions asked as part of a comprehensive household survey of both beneficiary and comparison households within and between villages, at the start and one year after project implementation.
Q# English version of prompt Original coding Binary recoding
In your household, who has the last word on decisions regarding: Finally, using the entire dataset, we then constructed two sets of empowerment indicators based on this final model. For the first set we simply constructed the individual domain scores by adding the final indicators within each domain (table 2 (left)), and then the total empowerment score by adding the domain scores. This set of score variables can be used as an overall benchmark, with changes indicating a net movement from not empowered to empowered (or the other way around) in one of the explanatory 2015) data. 95% confidence intervals for the factors were obtained by conducting 500 bootstrap repetitions. Independent analysis on both years of data resulted in the same overall number of factors, and with similar overall relative importance, with one notable exception. In both years, decision making and physical mobility were the two most important factors (i.e. they accounted for most of the variation in the sample), but in baseline the third-most important factor was male involvement, while in follow-up it was economic independence (blue boxes, see figure 3 ). The change in importance of economic independence to the overall structure of empowerment is highly statistically significant. ) data. Based on these factor loadings we named the underlying domains: Decision Making, Physical Mobility, Male Involvement, Economic Independence, Self Confidence, and Group Membership. To estimate the 95% confidence interval for the factor loadings, we repeated the EFA with 500 bootstrap resamplings. The individual loadings stay fairly consistent between the two time periods, with the exception of the switch in order between male involvement and economic independence (blue box) and the increased loadings for religious and social group membership in 2015.
Environ. Res. Lett. 12 (2017) 095007 variables. The second set of indicators is a relative empowerment indicator, used to assess whether an individual is relatively empowered or disempowered within the sample. For these indicators we recoded each woman's domain and total empowerment scores to 1 if it was above the sample mean, and zero for below.
Changes over time
To estimate the impacts on empowerment over time, it is necessary to construct indicators for the follow-up time period (2015) . The dominant practice is to simply assume the same factors and factor loadings, and to construct the factors in follow-up as in baseline. This approach is useful in that it references the individual baseline and is easily interpretable, but the same concern holds as for any index: it is possible that the very structure of empowerment changes over time, and that the latent variable model from baseline is no longer as good for follow up. As a result of this concern, some practitioners have begun recommending that independent factor analysis be conducted on follow-up data to verify the structure [27] . We pursue both approaches and define two sets of follow-up variables. The first set uses the baseline definitions to create the follow-up metrics; the second repeats the entire EFA/CFA process independently on the follow-up data.
To estimate impacts we run regression analysis using the model specification: where E it is the empowerment score (either total or for an individual domain) for respondent i at time t. The a i are respondent fixed effects, and r t , wg i , and treat i are binary variables for, respectively, the survey round (r t = 0 for baseline, 1 for follow-up), whether or not the respondent is in a women's group, and whether the respondent was in a treated village or not. The estimated coefficients then give the average change in empowerment from baseline to follow-up for all respondents ðb r Þ, for being in a women's group versus not ðb wg Þ, and the impact of being in a women's group over time ðb wgÃr Þ. Finally,b treat gives the SMG project impact on empowerment (women in treated women's groups, over time). For total scores we use OLS regression; for the relative empowerment scores (binary), we use logistic regression. We estimated treatment effects using both constructions of the follow-up (2015) indicators.
Results
Factor analysis and structural changes
Scree plots showing the eigenvalues of the underlying factors (latent variables) derived from our EFA are shown in figure 2 , with initial EFA for each year shown on the left and final structure (after CFA and model refinement) on the right. We began EFA allowing an arbitrarily large (20) number of underlying factors and then refined down to 6 based on the criteria defined above. The factor eigenvalues can be thought of as the amount of the covariance within the entire set of included variables that is explained by the individual factor (or the group of variables that comprise that underlying quantity). An eigenvalue greater than 1 means that the factor (combination of variables) explains more of the overall variance than a single variable.
For both baseline and follow-up, decision-making power and physical mobility were the largest explanatory factors, and self confidence and group membership were the smallest. However, the intermediate factors-male involvement in household tasks and economic independence, switched in terms of order of importance, with economic independence becoming more important in explaining sample variation over time. The 95% confidence intervals on both factor eigenvalues (figure 2) and individual factor loadings (figure 3) were calculated by conducting 500 bootstrap resampling of the EFA. As shown in figure 2 , in addition to changing its relative rank importance, the eigenvalue for economic independence in follow-up (purple) is both significantly larger than in baseline (the third orange value) and significantly larger than the fourth eigenvalue (male involvement) in follow-up.
Within the individual factors, loadings did not change in a statistically significant manner for most variables, but a few did change rank order within a given factor, resulting in different set of variables in the independent construction of follow-up indicators (table 2), but not much of a difference in overall explanatory power of the different factors, beyond the changes described above.
Project impact
The SMG project had statistically and practically significant impacts on women's empowerment for project beneficiaries over the first year of use. Table 4 shows the impact over time of the project on total empowerment scores and on odds ratios, with the follow-up metrics constructed using both of the techniques described above. The marginal impact of being a project beneficiary was almost 2 points (1.947), or about two questions in table 2. Our model (equation (1)) accounts for the selection bias of being in a women's group in general, the time trends of the whole sample, and the time trends for women's group members versus non-women's group members (both treatment and comparison). It is noteworthy that over time, there appears to be no net offset for being in a women's group versus the regular village sample, but that on average the entire sample is less empowered over time, and in general members of women's groups over time also report lower levels of empowerment. Against this backdrop, the project impact (a marginal 2 point change over a baseline of 9 points), is even more important.
The odds ratios (table 4) give the likelihood of a respondent falling within the upper half of the distribution of empowerment scores-a relative metric compared to the total score itself. In this formulation we again see that project beneficiaries are 2.7 times more likely to be in the upper half of the distribution after access to the SMG. The versions of the models that use the 2015-specific empowerment construction (columns 3 and 4 of table 4) can be thought of as endogenizing some of the structural changes to empowerment; it thus makes sense that the magnitudes of the changes are slightly lower. Tables 5 and 6 show the impacts of the SMG project on the individual domains of empowerment (in both tables, follow-up (2015) scores are constructed using the baseline (2014) factor analysis). The domain scores show that overall, women in Benin tend to have some decision-making power and the freedom to visit friends, shop, etc. (physical mobility); they also tend to feel respected and empowered to solve problems (self confidence). Through SMG access, beneficiaries were more likely to have improvements in the domains of economic independence (being able to provide for some of their own needs), male help with domestic tasks, self confidence, and participation in other groups. These impacts offset for project beneficiaries an overall decrease in these domains over time (for the whole sample).
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Discussion
The Solar Market Garden-a distributed photovoltaic irrigation system-was designed to help farmers surmount the energy barrier to year-round horticulture production in the Sudano-Sahelian climate. By providing reliable renewable energy access for irrigation water, the SMG enables enhanced production, sales, and consumption of these high-value micronutrient crops. For the first time here, we show that this distributed energy project focused on economic and food security outcomes also directly impacted Table 4 . Regression results showing the impact of the Solar Market Garden project on total women's empowerment. Results shown for both total score (columns 1 and 3) and binary empowerment status, defined as 1 if total score is above the sample median (columns 2 and 4). The first two models use the same construction of the empowerment domains and indicator for both pre (2014) and post (2015); the third and fourth models use the independent factor analysis construction of empowerment for each year. The last row of the table shows the coefficients for total project impact: project beneficiaries were more likely to have higher empowerment scores after follow-up. women's empowerment. Beneficiaries were both more likely to improve their overall empowerment scorereflecting new decision making power, mobility, economic independence, self-confidence, equity at home, or group participation-and were more likely to be in the upper half of empowerment scores in the sample.
One of the most interesting results of this analysis is that the SMG-likely through expanding women farmers' market and economic activity-is associated with a change in the very structure of empowerment in Kalalé; after implementation, economic independence becomes a statistically more important determinant of relative empowerment. The methods we have used here to structurally model women's empowerment in an agnostic manner-and to then quantify any changes in that factor analysis over time-should become standard practice given that empowerment is context-dependent. That is, the actual magnitudes of SMG impact on the level and structure of women's empowerment in northern Benin may not be directly comparable to other projects, because the very structure of empowerment can be different across contexts or, as we have shown here, in the same population over time.
It remains unclear why the overall time trends for total empowerment, and for the domains of economic independence, male involvement, and group membership, are negative. Given the study setup, built around a difference-in-differences project evaluation, we are unable to discriminate between three possibilities: (1) intervention-induced changes on the entire sample (i.e. Hawthorne effects), (2) real social changes around them that have altered women's perceptions of their own empowerment (e.g. if the Kalalé district is being 'left behind' , and so women perceive their own status as lower in a relative sense as time passes), and (3) true declines in empowerment that might be associated with larger regional trends towards, for example, increased religiosity. The inability of our quasi-experimental setup to answer this question further points to the need for systematic, repeated measures of women's empowerment over time.
Here we provide a methodology and a set of practices that could be used to both document women's empowerment more broadly, and to benchmark the empowerment impacts of different kinds of development projects, including those focused on energy and environment as pathways. The strength of the methods presented here is that they could be used broadly across contexts; nevertheless a careful understanding of the right set of underlying questions to ask across different socioeconomic and cultural environments is needed, and these methods should be compared to existing qualitative approaches to understanding empowerment.
Women stand to gain from reliable and affordable energy access, but conventional methods of expanding energy access could also mean increased environmental damages. Such damages (for example, in impact studies of biomass-based cooking) may in fact have disproportionate negative impacts on women. It is thus critical to understand how renewable energy projects compare to conventional energy projects on all dimensions, including women's empowerment, to create informed and equitable development policy. 
